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Static magnetic conﬁgurations of thin circular soft (permalloy) magnetic nanodots, coupled to a
hard antidot matrix with perpendicular magnetization, are studied by micromagnetic simulations.
It is demonstrated, that dipolar ﬁelds of the antidot matrix promotes the formation of a magnetic
vortex state in nanodots. The vortex is the dot ground state at zero external ﬁeld in ultrathin
nanodots with diameters as low as 60 nm, that is far beyond the vortex stability range in an
isolated permalloy nanodot. Depending on the geometry and antidot matrix material it is possible
to stabilize either radial vortex state or unconventional vortices with the angle between in-plane
magnetization and radial direction ψ 6= 0, pi/2.
Magnetic vortices are one of the simplest topologically
nontrivial conﬁgurations which can be achieved in fer-
romagnetic ﬁlms and nanostructures [1–3]. They were
extensively investigated during past two decades both
from fundamental point and in the relation with appli-
cations in magnetic recording [4–6], microwave applica-
tions, including magnonic crystals [7, 8] and high-power
vortex spin-torque oscillators [9–11], medicine [12], etc.
For several applications it is desirable to stabilize mag-
netic vortex in a nanodot with the smallest possible thick-
ness and lateral dimensions. For example, spin-transfer
torque eﬃciency in magnetic-tunnel-junction-based spin-
torque oscillators is inversely proportional to the thick-
ness [10], usage of novel interface eﬀects like voltage-
controlled magnetic anisotropy [13, 14], spin-Hall ef-
fect [15, 16], interfacial Dzyaloshinskii-Moriya interaction
[17, 18], which may increase functionality and eﬃciency
of vortex-based devices, also requires thickness less than
5 nm. A decrease of lateral sizes results in higher fre-
quencies of vortex excitations [2] and allows to enhance
integrability.
However, in the simplest and the most studied geome-
try – thin circular nanodot, made of soft magnetic mate-
rial, vortex state can be realized only in relatively large
dots, while smaller ones exist in a quasi-uniform single-
domain state. The minimal dot diameter, required to
make vortex state the ground one (state corresponding
to the global magnetic energy minimum) at zero external
ﬁeld, inversely depends on the dot thickness [19, 20]. For
example, for commonly used soft ferromagnetic Permal-
loy (Ni80Fe20) of the thickness td = 10 nm the minimal
diameter is about dd = 80 nm, for td = 5nm it is 160 nm
[19]. However, metastability of quasi-uniform state in a
large area close to the geometrical parameters, at which
vortex state becomes the ground state [20], complicates
observation and usage of vortices in this range, since it
is impossible to nucleate a vortex by bias ﬁeld decrease
from in-plane or out-of-plane saturation. To guarantee
vortex appearance, the single-domain state should be-
come unstable in zero ﬁeld. This case is realized if the
dot thickness is larger than td >∼ 30piλ
2
ex/dd [20], where
λex is the material exchange length (λex ≈ 5.5 nm for
Permalloy), i.e. td > 14 nm for 200 nm diameter and
td > 28 nm for dd = 100 nm. For this reason almost
all the experiments were performed for the dot thickness
td > 10 nm [21]. An exception is vortex spin-torque oscil-
lators, in which Oersted ﬁeld of bias current promotes the
vortex formation and solves the problem with metastable
quasiuniform state, making possible the operation with
5-10 nm thick free layers [9–11].
In this Letter we show how to achieve vortex ground
state in much smaller nanodots with ultrathin thickness
and diameters down to 50 nm and how to switch a dot
into a vortex state in the region, where it is metastable.
Our approach is based on the dipolar coupling of a soft
magnetic nanodot with perpendicularly magnetized an-
tidot matrix, dipolar stray ﬁelds of which have necessary
radial symmetry and promotes vortex formation.
There are diﬀerent types of magnetic vortices. In gen-
eral, two-dimensional vortex is the topologically non-
trivial magnetization conﬁguration with winding number
ν = 1 [22]. Magnetization distribution away from the
vortex core is determined by φ = χ + ψ, where φ is the
azimuthal angle of magnetization (i.e. Mx/Ms = cosφ,
My/Ms = sinφ), χ is the azimuthal coordinate in po-
lar coordinate system, and ψ – parameter determining
vortex structure. In the most of cases vortices with
ψ = ±pi/2, which have closure-ﬂux structure, were stud-
2FIG. 1. (a) A sketch of the considered nanostructure – soft
magnetic nanodot placed within an antidot in hard magnetic
layer with perpendicular magnetization. (b) - Distribution of
stray ﬁelds in the antidot; arrow length corresponds to the
ﬁeld magnitude, color – to the ﬁeld radial component Bρ.
ied. Properties of such vortices were investigated in easy-
plane anisotropic ﬁlms [1], in thin circular nanodots, in-
cluding static properties [19, 20, 23], linear (see Ref. 2 and
references therein) and nonlinear [24–26] dynamics, in
nanodot arrays [7, 27], relatively thick nanodots [28, 29],
stacked two-dot systems [30] and in other more complex
geometries. Vortices with other values of ψ are often
called “unconventional vortices” [31]. For ψ = 0, pi these
are “radial vortices”, which were observed in ultrathin
nanodots with interfacial Dzyaloshinskii-Moriya interac-
tion [32], pairs of nanodots with antiferromagnetic ex-
change coupling [33, 34] and at the crosses of ferromag-
netic nanowires [31]. Vortices with ψ 6= 0,±pi/2, pi are
realized in thick circular nanodots (however, their struc-
ture is thickness-dependent) [29, 31]. Interestingly, that
unconventional vortices were proposed as pinned layer in
skyrmion-based spin-torque oscillator and revealed char-
acteristics which cannot be achieved by using common
vortices [35].
The patterned ﬁlm under consideration is shown in
Fig. 1. It is a layer of hard magnetic material with per-
pendicular magnetization of the thickness tHL, having an
antidot of the diameter dad. Inside an antidot there is a
nanodot of the thickness td and diameter dd, made of soft
magnetic material. The dot is grown on the same sub-
strate as hard magnetic layer, resulting in asymmetric
vertical position of the dot respective to the hard layer.
We assume that the direct exchange coupling between
dot and hard layer is absent, that is the case, e.g., if
the dot diameter is smaller than the antidot diameter,
as shown in Fig. 1(a). Below we use 10 nm diﬀerence
between diameters of the antidot and dot.
The magnetization distribution in the nanostructure
was studied using MuMax3 micromagnetic solver [36].
As a dot material we choose Permalloy (saturation mag-
netization Ms = 8.1 × 10
5A/m, exchange stiﬀness A =
1.05 × 10−11 J/m); parameters of hard magnetic layer
were set as Ms = 10
6A/m, A = 2× 10−11 J/m, constant
of uniaxial perpendicular anisotropy Ku = 7× 10
5 J/m
3
,
which correspond to FePd, FePt, CoPt multilayers of
diﬀerent composition. Strictly speaking, the only im-
portant characteristic of hard layer for the studied case
is Ms, while anisotropy should be simply strong enough
to guarantee stable perpendicular magnetization state in
zero ﬁeld. The minimal required anisotropy, in a general
case, depends on the antidot lattice geometry [37, 38].
Our simulations conﬁrm stable quasi-uniform OOP mag-
netization in zero ﬁeld (after perpendicular saturation)
in the whole studied range for chosen material param-
eters. Notes on diﬀerent hard layer magnetization, as
well as on diﬀerent location of a dot will be given below.
The cell size was chosen to be 2.5 × 2.5 × 1.5 nm3, and
1.25× 1.25× 1 nm3 for the smallest dots. To avoid edge
eﬀects we set periodic boundary conditions with period
400 nm, which is large enough to not produce interdot
interaction.
The perpendicularly magnetized hard layer creates
magnetostatic stray ﬁelds inside the antidot and in its
vicinity. The stray ﬁelds are radially symmetric and have
radial Bρ and perpendicular Bz components (Fig. 1(b)).
The radial component is zero at the central plane and
reaches maximum close to the top and bottom hard layer
surfaces.
Firstly we consider the eﬀect of the hard layer thick-
ness, ﬁxing the dot thickness to td = 3nm, and investi-
gating the dot remanent states which appear after per-
pendicular saturation by external ﬁeld B = Bzez and
then gradual decrease of the ﬁeld to zero. In the case
tHL = td the averaged over the dot thickness radial
component of stray ﬁelds is zero, and we observe quasi-
uniform single-domain “leaf-like” state (Fig. 3(a)) in all
the simulation range (Fig. 2). It is expected, as for an
isolated dot of the thickness td = 3nm single-domain
state is the ground one up to approximately 235 nm dot
diameter and remains stable up to 1 micron dot diame-
ter. Therefore, the vortex nucleation in an isolated dot
of such thickness is almost impossible.
However, as soon as tHL increases, the radial compo-
nent of stray ﬁeld becomes nonzero and we start observe
vortex state at remanence. With an increase of the hard
layer thickness vortex state becomes more and more fa-
vorable and for tHL = 39 nm we observe it even for 50 nm
nanodot diameter (Fig. 2).
Note, that in all the cases the remanent state is “un-
conventional” vortex. For strong enough stray ﬁeld em-
anated by the matrix (large matrix thickness) Zeeman
energy of dot magnetization in stray ﬁeld dominates and
the radial vortex is formed (Fig. 3(c)). The radial vor-
tex has small core region with out-of-plane magnetization
and in-plane part with divergent (ψ = 0) or convergent
(ψ = pi) to the center magnetization. The direction of
in-plane part depends, naturally, on the magnetization of
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FIG. 2. Diagram of the magnetization remanent states of
nanodot of the thickness td = 3nm: SD – single-domain state,
CV – curled vortex, RV – radial vortex. Yellow ﬁlled area
shows the region, where vortex state is the ground state.
(a)                                 (b)                                  (c) 
FIG. 3. Magnetization conﬁguration of the 70 nm diameter
dot in: (a) single-domain state (hard layer thickness tHL =
6nm), (b) curled vortex state (tHL = 15 nm), and (c) radial
vortex state (tHL = 24nm); up – top view, bottom – y-z
cross-section; dot thickness td = 3nm.
matrix. In our case Mz,HL/Ms = +1, the matrix creates
divergent radial ﬁeld at the bottom resulting in divergent
magnetization of the vortex. If one reverses the matrix
magnetization or place the dot on matrix top, the vortex
structure will be convergent.
With a decrease of the hard layer thickness or/and an
increase of the dot diameter, the demagnetization energy
becomes more important and it competes with Zeeman
energy, resulting in the formation of curled unconven-
tional vortex. It is characterized by ψ 6= 0,±pi/2, pi,
which, strictly speaking, depends on the distance form
the dot center ψ = ψ(ρ) (see example in Fig. 3(b)).
The value of ψ changes gradually with geometrical pa-
rameters, in particular, in the limit dd ≫ tHL the vor-
tex structure is transformed to conventional vortex with
ψ = ±pi/2. Thus, the proposed approach gives ability
to tune the vortex structure and achieve unconventional
vortices with given ψ, that can be necessary, e.g., for
skyrmion-based spin-torque oscillators [35]. It should be
also noted that in both cases of radial and curled vor-
tices their out-of-core regions have small perpendicular
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FIG. 4. Out-of-plane (a) and in-plane (b) hysteresis loops of
nanodot in the vortex ground state and corresponding mag-
netization distributions. Dot diameter dd = 90 nm, dot thick-
ness td = 3nm, hard layer thickness tHL = 30 nm. For the
plots only magnetization of the dot is accounted.
component due to inﬂuence of perpendicular stray ﬁeld
of antidot matrix. This component disappears at certain
nonzero external ﬁeld Bz 6= 0.
We have checked if the vortex state is the ground one
by comparison of its energy in zero ﬁeld with the energy
of single-domain state, which was manually introduced
and allowed to relax into local energy minimum. The
corresponding region of vortex ground state is smaller
than the region, where vortex state was achieved at rema-
nence (Fig. 2). However, suﬃciently thick matrix allows
to make vortex conﬁguration the ground state in dots
with diameters well below 100 nm. For practical appli-
cations it is desirable, of course, to work in this vortex
ground state region. However, outside of this region a
vortex can be also nucleated in practice by the decrease
of external ﬁeld from perpendicular saturation, as was
done in simulations. It happens because stray ﬁelds of
antidot promote the radial vortex formation, which then
may transform to curled vortex, when Bz is gradually
decreased. Due to the energy barriers between the vor-
tex and saturated states [39, 40] the vortex state remains
stable at remanence. Only in the region where vortex
state is unstable respective to small perturbations one
cannot observe it (single-domain region in Fig. 2). It is
in contrast to the case of an isolated dot, where uniform
bias ﬁeld does not help the vortex formation and single-
domain state remains at zero ﬁeld in the metastability
range.
As in the case of common vortex [41], the core polarity
of unconventional vortices can be switched by perpen-
dicular external magnetic ﬁeld. The corresponding hys-
teresis loop is, of course, shifted respective to zero ﬁeld
(Fig. 4(a)) due to the inﬂuence of perpendicular compo-
nent of the antidot stray ﬁeld. This shift is more pro-
nounced for thicker matrices, and for a suﬃciently thick
matrix, both switching ﬁelds can be positive, meaning
that only state with the core polarity opposite to the
matrix magnetization remains stable at zero bias ﬁeld.
The behavior of unconventional vortices in an in-plane
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FIG. 5. Diagram of the magnetization remanent states of
nanodot in the antidot matrix of the thickness tHL = 24nm;
notation as in Fig. 2.
bias ﬁeld is also similar to that for common vortex
[23]. The corresponding hysteresis loop has characteristic
“double-triangle” shape, vortex is expelled from the dot
at annihilation ﬁeld and nucleates when ﬁeld decreases to
nucleation ﬁeld (Fig. 4(b)). Naturally, the core polarity
of nucleated vortex is opposite to the matrix magneti-
zation, as it is energy favorable. Under in-plane applied
ﬁeld the core of radial vortex moves in opposite to the
ﬁeld direction (see insets in Fig. 4(b)), while the core
of curled vortex moves at some ﬁnite angle (6= pi/2) to
the ﬁeld direction. In contrast, the core of common vor-
tex moves perpendicularly to the ﬁeld [23]. This dif-
ferent behavior is a consequence of diﬀerent distribu-
tions of in-plane part of vortex magnetization. Thus,
one can nucleate and manipulate vortices in the consid-
ered nanoscale dots by relatively small in-plane magnetic
ﬁelds (of course, if the matrix is magnetized perpendic-
ularly before). However, this method works only in the
region of vortex ground state. Outside of it vortex does
not nucleate after in-plane saturation of nanodot.
Next we investigate the role of the Permalloy dot thick-
nesses td. To do this, we ﬁx the hard layer thickness to
tHL = 24 nm and perform simulations for diﬀerent values
of td. As one can see from the states diagram (Fig. 5),
with a decrease of the dot thickness vortex state become
the ground state in smaller dots, that is the opposite
tendency to that for an isolated dot. Also, for thinner
dots the formation of radial vortices becomes more fa-
vorable. These features are related with the reduction of
demagnetization energy of the radial vortex state with a
decrease of the thickness-to-diameter aspect ratio of the
dot.
As it is clear from the consideration above the main im-
pact of antidot matrix is radial component of stray ﬁelds,
which it creates. Within the antidot at the top/bottom
of hard layer this component is approximately equal to
Bρ ≈ ±µ0Ms,HL
ρ
2dad
(
1−
[
1 +
2tHL
dad
]
−3/2
)
, (1)
where ρ is the distance from the antidot center (this es-
timation assumes td ≪ tHL and is valid for ρ < dad/2
except the region close to the antidot edge). Bρ is propor-
tional to the saturation magnetization of the hard layer
and to its thickness (up to tHL >> dad, where it satu-
rates). Thus, one may reduce the hard layer thickness
by using materials with higher Ms, or use materials with
lower Ms and suﬃciently large thickness. The behavior
of the dot is the same if Bρ is ﬁxed. Also, it is clear that
one can place a dot in other way, than shown in Fig. 1(a).
For example, dot of smaller, equal, or slightly larger di-
ameter than antidot can be placed on the top of antidot
matrix. The only requirements are presence of radial
stray ﬁelds and absence of exchange coupling between
dot and matrix, which may drastically aﬀect magnetiza-
tion distribution in a dot.
In conclusion, we have demonstrated that dipolar cou-
pling with perpendicularly magnetized antidot matrix
can substantially enlarge the region of vortex stability in
soft magnetic circular nanodots to the range of ultrathin
thicknesses and sub-100 nm diameters. The main im-
pact is produced by the radial component of antidot stray
ﬁeld, which leads to the appearance and stabilization of
the magnetic vortices with unconventional texture. The
vortex magnetization conﬁguration can be tuned by a
proper choice of geometrical parameters of the patterned
ﬁlm. In the case of suﬃciently thick matrix and thin
dots the radial vortices are formed, and unconventional
curled vortices with the angle between in-plane magneti-
zation and radial direction ψ 6= 0,±pi/2, pi are stabilized
otherwise. The vortices can be nucleated by the mag-
netic ﬁeld decrease staring from perpendicular saturated
state and, except the range of vortex metastability, start-
ing from in-plane saturated state provided perpendicular
single-domain state of antidot matrix.
The application of proposed nanostructures could sig-
niﬁcantly improve characteristics of vortex-based spin-
tronic devices, e.g. vortex spin-torque oscillators. In-
deed, thinner free layers, 2-3 nm in thickness, allow re-
ducing bias current density in 3-5 times compared to
commonly used isolated vortex-state dots with 10-20 nm
thickness. Small dot diameters together with the pres-
ence of additional restoring force coming from matrix
stray ﬁeld result in a higher frequency of gyrotropic mode
of the vortex. For example, in preliminary simulations
for 3 nm dot thickness and tHL = 39 nm we observed
the gyrotropic mode frequency as high as 1-1.5 GHz.
Such frequencies can be accessed in isolated dots of the
thickness about 50 nm [29, 42], which are incompatible
with spin-transfer-torque based devices. Of course, the
detailed study of dynamic properties of the nanostruc-
5ture is a topic for separate work. Finally, stabilization of
unconventional vortices is important for skyrmion-based
spin-torque oscillators [35].
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